This study employs real-time high-frequency frictional force analysis coupled with removal rate studies to quantify the extent of frictional forces encountered during copper polish using abrasive-free slurries and to establish the time-dependent tribological attributes of the process. The study also uses spectral analysis of the frictional force data to validate and explore the subtle characteristics of the formation and extinction of the copper complex layer known to play an integral role in abrasive-free copper chemical mechanical planarization (CMP). It was found that copper removal rates are at least partially driven by coefficient of friction, which is similar to the case of interlayer dielectric (ILD) CMP. Spectral analysis suggests that the periodicity of the copper complex layer formation and abrasion is approximately 10 ms.
Introduction
Abrasive-free chemical mechanical planarization, CMP, has become an active area of interest in copper applications primarily due to its inherently low defect density, longer shelf life, improved process control, decreased dishing, and significantly lower amount of solid waste generation. 1, 2) Using several novel abrasive-free formulations developed for copper CMP, this study employs real-time high-frequency frictional force analysis coupled with removal rate studies to quantify the extent of frictional forces encountered during polishing and to establish the time-dependent tribological attributes of the process. The study also uses spectral analysis of the frictional force data to validate and explore the subtle characteristics of the formation and extinction of the copper complex layer known to play an integral role in abrasive-free copper CMP. 1, 2) 2. Theory and Experimental Procedure
Tribology and removal rate measurements
A 1 : 2 scaled version of a Speedfam-IPEC 472 polisher was used for all experiments. The polisher and its associated accessories have been described in detail elsewhere. 3, 4) To measure the shear force between the pad and the wafer during polishing, a sliding table was placed beneath the polisher. The sliding table consists of a bottom plate (bolted to the floor) and an upper plate upon which the polisher is set. When the wafer and pad are engaged, the upper plate slides with respect to the bottom plate due to friction generated between the pad and the wafer. The degree of sliding is quantified by coupling the two plates to a load cell. The load cell is attached to a 111 N strain gauge amplifier that sends a voltage signal to a data acquisition board. The apparatus was designed and calibrated to report the unidirectional force associated with a particular voltage reading. Polishing was performed on Rodel IC-1000 XY-grooved pads (no subpads were used). Prior to data acquisition, the pad was conditioned for 30 min using ultrapure water. Conditioning consisted of using a 100 grit diamond disk at a pressure of 3.5 kPa, rotational velocity of 30 rotations per minute (RPM) and disk sweep frequency of 0.33 Hz. Initial UPW conditioning was followed by an 8 min pad break-in with a copper disc and slurry. Copper substrates used for removal rate and friction analysis were 99.95% copper discs with a diameter of 100 mm. In all cases, polish time, t p , and frictional force acquisition time, T, were kept constant at 120 and 30 s, respectively. Other experimental conditions included the following:
. In-situ conditioning at 30 RPM and 20 oscillations per minute . Applied wafer pressures ranging from 9.6 to 27.6 kPa . Relative pad-wafer average linear velocities ranging from 0.31 to 0.93 m/s Four slurries, developed by Hitachi Chemical Company Limited, were tested. Table I summarizes some of the features of each formulation. Ingredients 'A' through 'D' could not be disclosed as per slurry supplier's request. In all cases, the slurry flow rate was maintained at 80 cm 3 /min. Slurry I served as the control formulation in this study. The only difference between Slurries I and II was the type of oxidant (i.e., hydrogen peroxide vs water). In the case of Slurries III and IV, the only differences were the type and concentration of corrosion inhibitor and the organic acid components of the system. It should be noted the term 'abrasive-free' is used somewhat loosely in this study, since both Slurries III and IV contain abrasives. However, given that the abrasive content in these slurries was significantly lower than those of conventional abrasive-based formulations, these systems are assumed almost abrasive-free. Slurry IV was formulated with a different type of corrosion inhibitor and a different type of organic acid in order to produce low shear forces during polishing (and hence, a lower value of COF). These characteristics were considered to be more suitable for low-k applications.
Sommerfeld number
To understand the dominant tribological mechanism during copper CMP, Stribeck curves are presented using a dimensionless grouping of CMP-specific parameters, called the Sommerfeld number,
where is the slurry viscosity, U is the relative pad-wafer average linear velocity, p is the applied wafer pressure, and is the effective fluid film thickness. Determination of U and are fairly straightforward as the latter can be measured experimentally for a given slurry, while the former depends on tool geometry and angular velocities of the wafer and the pad. Wafer pressure is defined as the applied down-force divided by the contact area between the wafer and the pad. To account for grooving, a dimensionless parameter, , which represents the area of the up-features divided by the area of a flat pad, is used to scale the wafer pressure. Subsequently, applied pressure is divided by (0.76 for the IC-1000 XY-grooved pad) to determine the actual pressure experienced by the wafer. The final parameter necessary for calculating the Sommerfeld number is the effective slurry film thickness, which was estimated from the pad roughness, R a , measured by stylus profilometry.
The groove depth, , was measured using calipers. Total uncertainty in estimating the Sommerfeld number was approximately 10%.
5)

Coefficient of friction and the stribeck curve
The coefficient of friction (COF) is defined as the ratio of the shear force to normal force:
The plot of COF vs So is known as the Stribeck-Gumbel curve (referred to as Stribeck curve in this paper). The Stribeck curve gives direct evidence of the extent of contact between the pad, wafer and slurry components. When plotting COF vs So, according to Ludema's definition, 6) three modes of contact can be envisaged, see Fig. 1 . The first mode is known as boundary lubrication where all solid bodies are in intimate contact with one another. Abrasive particles, if any, may be embedded in the pad or may directly press upon the wafer. The second mode of contact occurs at intermediate values of Sommerfeld number. This regime is typically referred to as the partial lubrication regime where the wafer and the pad are not in intimate contact with one another everywhere on the wafer surface. Some abrasives may be in contact with the pad or wafer, but much less than in the case of boundary lubrication. A fluid film layer will develop partially separating the wafer and the pad. As the Stribeck curve undergoes a transition from boundary lubrication to partial lubrication, the slope of the line measuring COF becomes more negative. Finally, the hydrodynamic lubrication mode of contact occurs at larger values of the Sommerfeld number. In this regime, smaller values of removal rate and COF are common. Furthermore, the fluid film layer separating the pad and the wafer is much larger than the roughness of the pad. With a larger film thickness, very little contact exists between the wafer and pad.
Spectral analysis
The measured unidirectional shear force as a function of time can be broken up into two components (a mean force component and a fluctuating force component) as
The mean force, F, is used in calculating COF, as defined previously. The measured unidirectional shear force function is converted into the frequency domain using the Fast Fourier Transform function in the National Instruments Labview Version 6.0 software package. 7) The x-axis of each spectral plot has units of Hz, whereas the y-axis has units of amplitude. Figure 2 shows the Stribeck curves associated with each slurry formulation obtained at the above ranges of pressure and velocity. Frictional measurements were collected at a high frequency of 10,000 Hz. In Fig. 2 , regardless of the Sommerfeld number, Slurry I (average COF of 0.59) maintains the system entirely in 'boundary lubrication' (i.e., has a near-zero slope) while all other slurries exhibit different degrees of 'partial lubrication' behavior. Recalling that Slurry I was the only formulation which did not contain hydrogen peroxide, it can be argued that the partial lubrication mechanisms detected using Slurries II, III and IV are likely due to the formation of a soft and possibly porous copper complex layer.
Results and Discussion
2) The rapid and continuous formation and subsequent abrasion of this layer, which is shown to form only when hydrogen peroxide is added to the system, 1, 2) is assumed to cause the periodic partial separation between the wafer and the pad.
Results also indicate that the extent of partial lubrication is greater for Slurry III compared to Slurry II as evident from the steeper negative slope associated with Slurry III. It is again noted that Slurry II contains small concentrations of silica abrasives. While the effect of silica content in the slurry was not studied in this investigation, the authors have previously reported significant increases in COF because of the addition of small amounts of silica abrasives to a pHadjusted solution for interlayer dielectric (ILD) CMP applications. 8) In the case of Slurry IV, the lowest average COF (i.e., 0.47) and the greatest extent of partial lubrication (i.e., the steepest negative slope) are observed. It is believed that these characteristics are possibly due to the inherent properties of the specially formulated slurry. Figure 3 shows the effect of average COF, associated with H 2 O 2 -based slurry formulations, on copper removal rate. The latter is reported as Preston's constant 9) which represents the slope of the straight-line fit to removal rate vs p Â U data. As a first approximation, results obtained using Slurries II and III indicate that addition of silica abrasive particles increases removal rate by 30% mostly by increasing the extent of abrasion between the pad and the wafer. For the same abrasive content, changing the chemical constituents of the liquid is shown to reduce removal rate by 45% partially due to the lubricating characteristics of new additives in Slurry IV. Preston's constant for Slurry I is not plotted in Fig. 3 , since negligible copper removal was observed in the absence of hydrogen peroxide. Spectral analysis of real-time variance of frictional data obtained during polishing is used to help elucidate the fundamental aspects of material removal in terms of stick-slip phenomena. It must be noted that random variations in friction force measurements do not constitute stick-slip. When studying the tribology of CMP, stick-slip refers to a cyclic fluctuation in the magnitudes of friction force and relative velocity between the wafer and the pad. It is usually associated with a relaxation oscillation which depends on a decrease in COF with increasing sliding velocity. Classical or true stick-slip, in which each cycle consists of a stage of actual stick followed by a stage of overshoot (i.e., slip), requires that the kinetic COF (i.e., the parameter being measured in this study) is lower than the static COF (i.e., corresponding to the maximum friction force that must be overcome to initiate macroscopic motion between the wafer and pad). In this study, the above criterion is certainly met. Another form of stick-slip can be due to spatial periodicity of the friction coefficient along the path of contact (i.e., pad grooves or microtrenches created on the surface of the pad due to the conditioner, or complex films forming and being abraded on the surface of the wafer). While further studies are underway to distinguish among various types of stick-slip occurring during CMP, this study consolidates all stick-slip phenomena into one entity.
The plots in Fig. 4 are typical representations of copper spectra. It should be noted that no signals were detected beyond a frequency of roughly 150 Hz; therefore, the choice of a sampling frequency of 10,000 Hz was sufficiently large to avoid any aliasing. For simplicity, subsequent spectra shown in this study are truncated at 150 Hz. The frequency scale in Fig. 4 can be divided into three ranges, a low range from 0-25 Hz, a medium range from 25-65 Hz, and a high range from 65-125 Hz. In the low range, the peak occurring at 1 Hz for the 0.31 m/s plot, Fig. 4(a) , appears to split into a doublet that shifts in frequency to 2 and 6 Hz when the velocity is increased to 0.93 m/s, Fig. 4(b) . This signal splitting/shifting is observed in approximately 95% of all tests. A series of peaks exist in the 25-65 Hz range that do not exhibit consistent behavior. At low velocities, these peaks have a low magnitude and increase in amplitude for the medium and high velocity tests. The extent of this increase is not consistent, nor do they appear to demonstrate a pressure or velocity dependence other than that previously mentioned. The origin and effects of these peaks are currently being investigated and will be addressed in a later publication. As seen from the two plots in Fig. 4 , the highfrequency peaks show a decrease in magnitude with an increase in velocity. This behavior is observed in approximately 95% of all tests. In addition, the peaks in the high frequency range also demonstrate a pressure dependency that will be discussed later. For comparison, data associated with ILD experiments were analyzed under similar operating conditions as the copper experiments. The ILD experiments used Rodel IC-1000 XY-grooved pads with Fujimi PL-4217 slurry; all other controlled variables were consistent with those discussed in §2.1. The plots in Fig. 5 are a typical representation of ILD spectra. The same signal splitting and shifting in the low frequency range that was discussed for copper polishing is observed for ILD polishing. The second peak in Fig. 5(a) and the third in Fig. 5(b) occur at approximately 10 Hz, neither of which exhibits consistent pressure or velocity dependency. The inset of Fig. 5(b) shows a view of the 0-20 Hz frequency range only. It should be noted that no peaks are observed for frequencies greater than 25 Hz in approximately 95% of all ILD experiments. Due to the consistency of copper and ILD spectra in the low frequency range, the signal splitting/shifting is attributed to process kinematics such as wafer and platen velocities, eccentricity between pad and platen, and the pad grooving. The midrange frequency peaks (25-40 Hz for copper and $10 Hz for ILD) were excluded from further analysis in this study because of no apparent dependency on process variables and are assumed unique phenomena associated with both copper polishing and ILD polishing. The spectra in these frequency ranges will be further studied in future experiments. The remaining data of the spectral analysis in this study concerns the high-frequency data because the data appear to be unique to copper CMP and exhibit pressure as well as velocity dependence. The absence of the high-frequency peaks in Slurry I, Fig. 6(a) , compared to Slurry II, Fig. 6(b) , under identical experimental conditions suggests the data in the high frequency range are dependent on the oxidant used in copper CMP. Given that no high frequency spectral data is observed in ILD polishing or in the control formulation (Slurry I), data in the high frequency range are assumed indicative of chemical phe- nomena unique to copper CMP. These phenomena are most likely the formation and abrasion of the copper complex, which has been shown to have a thickness on the order of 100 A. 1, 2) Assuming this hypothesis is true, the data suggest that the periodicity of the copper complex formation and abrasion is approximately 10 ms. Figure 7 illustrates the pressure and velocity dependence of the high-frequency data for Slurry III. In the constant-velocity plot, Fig. 7(a) , the magnitude of the peaks increases as pressure increases. The constant-pressure plot, Fig. 7(b) , exhibits the opposite trend. Recalling eq. (1), velocity is directly proportional to So and pressure is inversely proportional to So. Referring to Fig. 1 (the generic Stribeck curve), decreasing So shifts the tribological regime toward boundary lubrication, whereas increasing So shifts the tribological regime toward partial lubrication. Therefore, the magnitude of the high frequency peaks appears to be inversely proportional to So. Furthermore, decreasing the magnitude of the high-frequency peaks increases the extent of partial lubrication. In order to verify this trend, the area of the high-frequency spectra was approximated using the trapezoid rule 10) for all slurries and conditions tested for copper. The results shown in Figs. 8(a) high-frequency peaks, represented by the area under these peaks, increases with increasing pressure and decreases with increasing velocity. Therefore inverse proportionality between So and the magnitude of the high-frequency peaks previously noted holds in the majority of cases.
Conclusions
Real-time COF analysis has quantified the effects of both the type of oxidant used (hydrogen peroxide or water) and the small concentrations of silica abrasives on the tribological mechanism of copper CMP for abrasive-free slurries. The addition of hydrogen peroxide results in lower values of COF and shifts the tribological mechanism toward partial lubrication. Small concentrations of silica abrasives present in the slurry are shown to increase the extent of partial lubrication and increase RR by approximately 40% due to an approximate 20% increase in COF. Therefore, copper RR is at least partially driven by COF, which is similar to ILD CMP. 5) High-frequency spectral analysis of real-time friction data has verified the presence of various tribological mechanisms that are consistent with Stribeck data. The fact that the copper removal in Slurry I (the control formulation) is negligible compared to the hydrogen peroxide-based slurries coupled with the lack of high-frequency spectra associated with Slurry I and ILD CMP suggests that the copper complex formation and abrasion may be the cause of the high-frequency spectra. Assuming this hypothesis is true, the data suggest that the periodicity of the copper complex formation and abrasion is approximately 10 ms.
